In tRNA from the three domains, Bacteria, Eukarya, and Archaea, 79 different modified nucleosides have been identified (23) . Their formation is catalyzed by highly specific enzymes, and their importance is reflected by the fact that a substantial part (about 1%) of the genetic information in bacteria is devoted to this aspect of cellular metabolism (for a review, see reference 2).
The modified nucleosides are present in different positions of the tRNA molecule, and there is a large variety of modified nucleosides, especially in the anticodon region. One of the few modified nucleosides conserved in tRNA from all domains is 1-methylguanosine (m 1 G), which is present next to the 3Ј end of the anticodon (position 37) in tRNAs from Escherichia coli and Salmonella typhimurium reading CCN (tRNA 1, 2, 3 Pro ) (N, any of the four major nucleosides) and CGG (tRNA 3 Arg ) codons (32) . tRNA 1, 2, 3 Leu species, which read CUN codons, have an unidentified modified guanosine at position 37 (32) . Mutations in the trmD gene in E. coli and in S. typhimurium, which is the structural gene for the tRNA(m 1 G37)methyltransferase, affect the elution profiles of these leucine tRNAs (20a) . Therefore, it is likely that m 1 G is present also in tRNA 1, 2, 3 Leu . A temperature-sensitive mutant of S. typhimurium, which lacks m 1 G in its tRNAs when grown at or above 37ЊC, has been isolated, and the mutation is located in the trmD gene (4) . The m 1 G deficiency suppresses certain ϩ1 frameshift mutations (4) . At least in the case of tRNA Pro , m 1 G deficiency induces a frameshift by allowing the unmodified G-37 to interact with a C as a fourth base, resulting in a quadruplet translocation (19) . Therefore, one specific function of m 1 G is to prevent frameshifting and thereby maintain the reading frame.
Here we address the questions of how m 1 G deficiency in the tRNA affects cell physiology and what role m 1 G plays in the cognate tRNA-mRNA interaction. We showed that m 1 G deficiency induced strong pleiotropic effects such as reduction in growth rate and polypeptide chain elongation rate (cgr p ) in vivo. Our results demonstrated that the presence of m 1 G is important for efficient translation, and in a tRNA-dependent manner. Moreover, synthesis of several metabolic enzymes was affected by lack of m 1 G of the trmD3 mutant, as shown by altered responses to several amino acid analogs and enhanced ability to oxidize certain carbon sources compared with the wild-type strain.
MATERIALS AND METHODS
Bacteria and growth conditions. The bacterial strains used were all derivatives of S. typhimurium LT2 ( Table 1) . As a complex medium (NAA), we prepared Difco nutrient broth (0.8%; Difco Laboratories, Detroit, Mich.) supplied with 0.5% NaCl, adenine, tryptophan, tyrosine, phenylalanine, and the three aromatic vitamins p-hydroxybenzoate, 2,3-dihydroxybenzoate, and p-aminobenzoate. All supplements were provided at concentrations recommended by Davis et al. (13) . For genetic experiments, we used medium E described by Vogel and Bonner (38) . Growth rate studies were performed as described previously (3) with morpholinepropanesulfonic acid (MOPS) medium (25) supplemented with 0.4% indicated carbon sources. Rich MOPS medium was prepared as described by Neidhardt et al. (24) . Following the completion of each growth rate experiment, the culture was tested for homogeneity. In no case were any fast-growing revertants observed.
Genetic procedures. Transductions with P22 HT105 (int-201) (29) were performed as described elsewhere (13) . Rapid mapping of transposon Tn10 insertion was performed as described by Benson and Goldman (1) .
Assay of ␤-isopropylmalate dehydrogenase (LeuB) activity. Cells were grown at 41ЊC in SSA medium (10) containing 0.2% glucose and 5 M thiamine hydrochloride. Samples were taken at different stages of the growth, and ␤-isopropylmalate dehydrogenase (LeuB) activity was measured as described by Searles and Calvo (30) .
Measurement of carbon source oxidation. Strains GT874 (trmD ϩ ), GT875 (trmD3), GT2529 (hisT ϩ zej-635::Tn5), and GT2530 (hisT1504 zej-635::Tn5) were grown at 37ЊC in NAA rich medium to between 2 ϫ 10 7 and 2 ϫ 10 8 cells per ml. Cells were harvested on ice, pelleted, and resuspended in the same volume of 0.9% NaCl. Samples (150 l) were transferred to each well of an ES Microplate purchased from Biolog Inc. The Biolog MicroPlate tests the ability of a microorganism to oxidize a preselected panel of 95 different carbon compounds. Oxidation of the different carbon compounds is measured as transfer of electrons from NADH to a tetrazolium redox dye, which results in the formation of a purple color. After inoculation, the microplates were incubated at 37ЊC for 20 h, and the optical density at 620 nm (OD 620 ) was measured by a Titertek Multiscan MCC/340 reader.
Determination of sensitivity to amino acid analogs. Strains tested were grown overnight in NAA rich medium at 30ЊC. A sample (0.1 ml) was mixed with 2 ml of 0.5% agar in 0.9% NaCl and poured onto a plate containing medium E and 0.2% sodium citrate. Paper disks (6 mm in diameter) were placed on the surface of the plates, and 10 l of each analog was applied to the respective disk. The plates were incubated at 37ЊC for 24 h before being scored. Analogs to which the two strains responded equally were DL-aspartic acid ␤-hydroxamate (Asn), 1,2,4-triazole (Cys), L-glutamic acid ␥-hydrazide (Gln), DL-methionine hydroxamate (Gln), azaserine (Gln), L-methionine-DL-sulfoximine (Gln), 3-amino-1,2,4-triazole (His), 1,2,4-DL-triazole-3-alanine (His), 2-thiazolyl-DL-alanine (His), 4-aza-
, and fluoroacetic acid (acetate). All analogs were obtained from Sigma Chemical Co., St. Louis, Mo.
Tryptophan transport assay. The growth medium used was medium E (38) containing 0.2% sodium citrate. The concentration of L-phenylalanine, when used, was 1 M. Bacteria were grown at 37ЊC for at least two mass doublings and were harvested at about 70 Klett units (about 3 ϫ 10 8 cells per ml). After centrifugation, the cells were washed and resuspended in the same volume of medium supplemented with 80 g of chloramphenicol per ml. The cells were incubated for 10 min at 37ЊC and then stored at 4ЊC before being used (no longer than 24 h). The specific uptake of L- H]tryptophan (28 Ci/mmol; Amersham) was measured as described by Whipp and Pittard (40) at 30ЊC. Control filtrations were performed with boiled cells to correct for nonspecific adsorption.
RESULTS
A mutant (trmD3) lacking m 1 G in its tRNAs has reduced growth rate and cgr p . Strains GT874 (trmD ϩ ) and GT875 (trmD3) were grown under steady-state conditions in different media at 37ЊC. In minimal glucose medium, a 24% reduction in growth rate for the trmD3 mutant relative to the trmD ϩ strain was observed ( Table 2) . A somewhat smaller reduction (16 to 18%) was observed in glycerol minimal medium and in rich MOPS medium. Only a 9% reduction was observed in acetate minimal medium. Thus, up to a specific growth rate of 0.85 (MOPS-glucose medium), the faster the growth rate, the larger the observed reduction in growth rate caused by the trmD3 mutation.
To test whether lack of m 1 G reduces cgr p , the time required to synthesize ␤-galactosidase after induction of the lac operon was determined. By plotting the data as the square root of the difference between E t (enzyme activity at time t) and E 0 (basal level) versus time, the time for completion of the first ␤-galactosidase molecule after induction can be determined (28) . Using the chain length of 1,023 amino acids (aa) for the ␤-galactosidase subunit (21) , cgr p was calculated. The trmD3-mediated reduction was the same in all media tested (Ϫ2.4 Ϯ 0.1 aa/s) except in glucose minimal medium, for which the reduction was somewhat larger (Ϫ4 aa/s).
Lack of m 1 G-37 does not affect the level of Pro-tRNA 1
Pro
. tRNAs from both the trmD ϩ and the trmD3 cells were prepared, and the in vivo level of Pro-tRNA 1 Pro was determined as described by Varshney et al. (37) . Our result showed that tRNA 1 Pro is fully aminoacylated in both the trmD ϩ and the trmD3 strains (data not shown). Thus, lack of m 1 G does not influence the level of Pro-tRNA 1 Pro in vivo, and therefore, the trmD3 mutation does not affect the efficiency of translation by reducing the concentration of aminoacylated tRNA 1
. Furthermore, the fact that the trmD3 mutation does not affect the expression of leuABCD operon (see below) suggests that m 1 G deficiency in tRNA 2 Leu and tRNA 3 Leu does not influence the charging of these tRNAs. m 1 G deficiency does not significantly affect the expression of the leu operon. The leuABCD operon is regulated by transcription attenuation (14, 31, 39) . The rate with which the ribosome traverses the four consecutive leucine codons, CUA-CUA- a All experiments were performed at 37ЊC, and the data are the averages from two (GT874 and GT875) or three (GT984 and GT985) independent experiments. The variation is shown in parentheses. G-containing tRNA is present in the leader mRNA. This codon is located nine codons downstream of these four leucine codons. Therefore, the effect of m 1 G on the leuABCD operon should be specifically due to its effect on these two leucine tRNAs. Both of these tRNAs have also ⌿ in the anticodon region, tRNA 3 Leu at positions 38 and 39 and tRNA 2 Leu at position 38. The synthesis of these ⌿s is mediated by the hisT gene product. According to the attenuation model by which leuABCD operon is regulated, derepression takes place if the ribosome is retarded at any of these four leucine control codons. cgr p is decreased (23%) in a hisT mutant, which lacks ⌿-38, -39, and -40 (26) , and accordingly, the leuABCD operon is derepressed 2.8-fold in such a mutant (27) . This ⌿-mediated effect on leuABCD expression is due to the reduced tRNA efficiency, since the hisT mutation does not influence the charging of the leucine tRNAs (6). Since tRNA 2 Leu and tRNA 3 Leu contain m 1 G at position 37 and cgr p was even more retarded in the trmD3 mutant (26%), we expected that the leuABCD operon would also be derepressed in the trmD3 mutant. Surprisingly, the activity of isopropylmalate dehydrogenase (leuB gene product) in the mutant was not affected (trmD3 activity/trmD ϩ activity ϭ 1.2 Ϯ 0.2) (data not shown and reference 9a). Thus, whereas ⌿-deficient tRNA 2 Leu and tRNA 3 Leu have a decreased translational efficiency, m 1 Gdeficient tRNA 2 Leu and tRNA 3 Leu do not. Lack of m 1 G affects carbon source metabolism. Levels of oxidation of carbon compounds by trmD ϩ and trmD3 cells were compared. The mutant showed major differences from the wild-type strain in its ability to oxidize 5 of the 95 carbon compounds tested (Fig. 1) . It should be noted that all of these five carbon compounds were oxidized more efficiently by the mutant, which indicates that either the enzymes involved in utilizing these carbon compounds are more active (the supply of cofactors could be altered) or the amounts of such enzymes are increased as a result the trmD3 mutation. Among these five carbon compounds, sucrose, glyoxylic acid, and D-malic acid are not normally used as carbon sources by Salmonella strains (16) . Increased oxidation sometimes correlates with increased utilization of the carbon source measured as increase in growth rate. However, this is not true for sucrose, since neither trmD ϩ nor trmD3 cells grew on agar plates containing sucrose as the carbon source. How the trmD3 mutation leads to the increased oxidation of these carbon sources in Salmonella strains is not clear.
Another tRNA modification mutant, bearing hisT, which has a U instead of ⌿ at positions 38, 39, and 40 in many tRNAs, was also tested. In the case of hisT, some enzymes involved in carbon source metabolism were also affected (Fig. 1) , either positively or negatively. Both hisT and trmD3 mutants oxidize D-malic acid more efficiently than their wild-type parents, implying that common routes may be shared by the two different modifications in influencing the oxidation of this carbon source. Although the mechanism behind this differential carbon source metabolism caused by mutations in the trmD or hisT gene is not clear, these results suggest a global effect of tRNA modification on cell physiology.
The m 1 G deficiency renders cells more resistant or sensitive to several amino acid analogs. It is known that undermodified tRNA can influence the regulation of the synthesis of several amino acids (9, 15, 36, 42) . One way to screen for the possible influence of m 1 G deficiency on amino acid metabolism is to determine the response to amino acid analogs (12) . Of 28 different analogs to 12 of the common amino acids, the trmD3 mutant was more resistant to 3,4-dehydro-DL-proline (Pro) and more sensitive than the trmD ϩ strain to 5,5,5-trifluoro-DLleucine (Leu), L-2-acetidine-carboxylic acid (Pro), DL-serinehydroxamate (Ser), and 3-nitro-tyrosine (NT) (Tyr). Different responses to various analogs of the same amino acids (for To establish that this phenotype was due to a mutation in the trmD gene, we introduced various plasmids, containing the trmD operon or parts thereof, into strains GT874 (trmD ϩ ) and GT875 (trmD3). The changed sensitivity of strain GT875 to different analogs was complemented by plasmids that expressed the trmD ϩ gene but not by the vector (pBR322) or by plasmid pMW123, which has a disrupted trmD gene (Table 3) . Thus, the observed responses to the amino acid analogs 3,4-dehydro-DL-proline, 5,5,5-trifluoro-DL-leucine, and NT of strain GT875 are caused by the trmD3 mutation and not by some other unidentified mutation.
The trmD3 mutant is slightly more sensitive than the trmD ϩ strain to the leucine analog trifluoroleucine. This implies that the translational elongation rate for the m 1 G-deficient tRNA 2, 3 Leu is unaffected, which is consistent with the normal level of ␤-isopropylmalate dehydrogenase in the trmD3 mutant (see above). Deficiency of ⌿ in the hisT mutant caused a 2.8-fold derepression of the leuB gene, and accordingly, this mutant is also more resistant to trifluoroleucine (data not shown and reference 12).
Isolation and genetic characterization of revertants of the trmD3 strain that are resistant to amino acid analog NT. In an attempt to understand the mechanism by which m 1 G deficiency mediates the changed sensitivity to different amino acid analogs, we isolated spontaneous suppressors. The analog chosen was NT, which gave the largest difference between the trmD3 strain and the trmD ϩ strain. On a citrate minimal plate containing 215 g of NT per ml, the trmD3 mutant was unable to grow at 37ЊC whereas trmD ϩ cells grew normally. Spontaneous NT r mutants of the trmD3 strain were isolated at a frequency of 10
Ϫ7
, and 28 such isolates were saved for further analysis.
In all 28 NT r strains, the trmD3 mutation was still present, as shown by backcross to strain GT1830 (tyrA555::Tn10 hisO1242 hisD3749) and identification of the trmD3 mutation as being cotransducible to tyrA and able to suppress the hisD3749 frameshift mutation. The NT r revertants therefore harbor extragenic suppressors, designated sdn-1 to sdn-28 (sdn for suppressor of trmD3-mediated NT sensitivity), toward the trmD3-mediated NT sensitivity.
To map the locus of these sdn suppressors, we first placed a Tn10 transposon close to one of them. Phage P22 was grown on a pool of cells with Tn10 randomly inserted in the S. typhimurium LT2 chromosome, and NT r mutant GT2872 (trmD3 sdn-1) was used as a recipient. Tetracycline-resistant transductants were selected and screened for NT sensitivity at 37ЊC. One such NT-sensitive clone, which retained the trmD3 mutation, was isolated. This Tn10 insertion, zgh-2510::Tn10, is about 60% linked to all sdn mutations. The location of this Tn10 was mapped by selecting for loss of tetracycline resistance by using a set of Mud-P22 lysogens that are located at different positions on the Salmonella genome (1). This method enabled us to localize the zgh-2510::Tn10 insertion to the interval of 65 to 68.5 min on the linkage map (data not shown). The sdn-1 mutation was localized more precisely by using phage P22 harboring different transposon insertions in the 65-to 68.5-min region of the chromosome. A 3% cotransduction was found between a Tn10 in the argG gene (argG1822::Tn10) and sdn-1. A three-factor cross experiment showed that the sdn gene was located on the opposite side of argG compared with zgi-3717::MudQ (Fig. 2) .
sdn is likely the Salmonella counterpart of the E. coli mtr gene, which codes for the tryptophan-specific permease. In S. typhimurium, the sdn gene is 12.5% cotransduced with argG, indicating a physical distance of 17 kb between these two genes. In E. coli, the mtr gene (structural gene for the trypto- The indicated amount of each analog was placed on a 6-mm-diameter paper disk in the center of each agar plate. Zones were scored as c (clear), st (slightly turbid), and t (turbid). Each test was repeated two or three times, and the variation is Ϯ2 mm.
c R, more resistant; S, more sensitive; Ϫ, equally sensitive. d The trmD operon contains the genes for ribosomal protein S16, a 21-kDa protein of unknown function, the tRNA(m phan-specific permease) is 60 to 80% cotransduced with the argG gene by P1 transduction, which corresponds to a distance of 7 to 15 kb (20, 22) . Thus, the Salmonella sdn gene and the E. coli mtr gene are located at similar distances from the argG gene.
The wild-type mtr gene is positively regulated by extragenously supplied phenylalanine, and accordingly, an mtr mutant grown in phenylalanine fails to show enhanced transport of tryptophan (40) . Thus, mtr mutants are resistant to the tryptophan analog 5-methyltryptophan in the presence of phenylalanine (20) . Similarly, the sdn-1 mutant was also shown to be resistant to 5-methyltryptophan under the same condition (data not shown). The Mtr-mediated tryptophan uptake was 5.5-fold less in the sdn-1 mutant than in the wild-type strain (Fig. 3) . This response is the same as that in the mtr mutant of E. coli (40) . Even when phenylalanine was added to the growth medium, the level of tryptophan uptake in the sdn-1 mutant was nearly undetectable, although it was strongly stimulated in the wild-type strain (Fig. 3) . Thus, gene localization, resistance to 5-methyltryptophan, and reduced tryptophan uptake strongly suggest that the sdn gene is the Salmonella counterpart of the E. coli mtr gene. Since addition of tryptophan to the NT plate reversed completely the trmD3-mediated sensitivity to NT whereas addition of tyrosine did not (Table 4) , it is likely that the analog NT is transported by this tryptophan-specific permease Mtr (Sdn) but not by the tyrosine-specific permease TyrP, which is located at min 42 on the E. coli chromosome (41) . Therefore, the trmD3-mediated sensitivity to NT is reversed by mutations in the sdn gene most likely because such mutations greatly reduce the uptake of this analog.
trmD3-mediated sensitivity to NT is not due to an increased uptake of this analog. One possible mechanism for the trmD3-mediated hypersensitivity to NT may be that the trmD3 mutation increases the uptake of NT due to a derepressed mtr (sdn) gene. If so, the mtr-mediated tryptophan uptake should be increased in the trmD3 mutant. However, we found that the transport of [ 3 H]tryptophan was not significantly greater in the trmD3 mutant than in the wild-type strain (Fig. 3) . This was also true in the presence of phenylalanine, which stimulated the uptake of tryptophan to the same extent in both trmD ϩ and trmD3 cells (Fig. 3) . Note that the trmD ϩ cells remained resistant to NT even in the presence of phenylalanine (Table 4) , although phenylalanine increased the tryptophan uptake threefold (Fig. 3) . These results suggest that an increased activity of NT transport mediated by the mtr (sdn)-encoded permease in the trmD3 mutant does not cause its sensitivity to the analog NT.
Serine or adenine renders the wild-type cells sensitive to NT. The amino acid analog NT is chemically similar to tyrosine but transported by the tryptophan-specific permease. Although the trmD3 mutant is sensitive to NT, it responded similarly to trmD ϩ cells to three other tyrosine (NT, ␤-DL-hydroxynorvaline, and m-fluoro-DL-tyrosine) and three tryptophan (DL-5-fluorotryptophan, DL-7-azatryptophan, and 5-methyltryptophan) analogs. Furthermore, all 28 NT r revertants analyzed were mutated in the mtr (sdn) gene, and none had a mutation in the trpR gene, which encodes the tryptophan repressor. Thus, derepressed synthesis of tryptophan within the cell does not counteract the NT-sensitive phenotype of the trmD3 mutant. These results indicate that neither tyrosine nor tryptophan synthesis is severely affected in the trmD3 mutant.
To gain further information about the mechanism by which NT affects the bacterial cell, we scanned all other amino acids and nucleosides for the ability to rescue the trmD3 mutant on NT plates. None of these metabolites had such a capacity, but interestingly, serine or adenine rendered the wild-type cells sensitive to NT, reminiscent of the trmD3-mediated NT sensi- (Table 4 ). It is known that adenine at high concentration can cause thiamine starvation (7). When thiamine was supplied to the plate containing adenine and NT, the trmD ϩ cells grew well. Thus, in trmD ϩ cells, adenine most likely enhanced the toxic effect of NT by imposing a thiamine starvation. Addition of serine also renders the wild-type cells sensitive to NT (Table  4) . Glycine could partially reverse the sensitivity to serine plus NT of the trmD ϩ strain. However, addition of no metabolites other than tryptophan, including thiamine and glycine, could suppress the trmD3-mediated sensitivity to NT (Table 4) .
Several but not all mutations known to induce translational errors also mediate sensitivity to NT. One property mediated by m 1 G-deficient tRNAs is their ability to suppress certain ϩ1 frameshift mutations (4, 19) . Therefore, it was of interest to investigate if other mutations known to induce translational errors also imposed an increased sensitivity to NT. Indeed, several other frameshift suppressors (sufA6, -B2, -D46, -G70, and -J128) and nonsense suppressors (supC80, -D10, -E20, -F30, -G50, -J60, and -K599) also induce, to different degrees, sensitivity to NT (data not shown). However, sufT621, which is a derivative of tRNA 2 Arg inducing ϩ1 frameshifting at a CCG(U) sequence (35), did not. These results suggest that not all mutations inducing aberrant translation also mediate sensitivity to NT. If there were a correlation between induction of translational errors and NT sensitivity, one would expect that mutations (e.g., miaA1 and rpsL107 [5, 34] ) that increase translational fidelity would be more resistant to NT than the wild type. However, this is not the case. Both of these mutants were even more sensitive to the analog (data not shown). Also, the hisT1504 mutation, which decreases the cgr p (26) similarly to both the trmD3 and the miaA1 mutations, showed the same response as the wild type. We therefore conclude that the trmD3-mediated sensitivity to NT is not due to a general induction of the synthesis of aberrant proteins but rather is due to a defect induced by aberrant translation on some parts of the intermediary metabolism that are also affected by NT.
DISCUSSION
In Salmonella strains, m 1 G is present in all three tRNA Pro species (CCN codons), in three of the five tRNA Leu species (CUN codons), and in one of the tRNA Arg species (CGG codons). Therefore, 20% of the codons in lacZ are read by these tRNAs. Assuming that the reduced cgr p (from 16 aa/s in trmD ϩ cells to 12 aa/s in trmD3 cells in MOPS-glucose medium) is due only to the reduced translational efficiency of this subset of tRNAs, the average step time for these tRNA species is increased 3.3-fold. The hisT mutant, which lacks the enzyme that converts uridine to pseudouridine in the anticodon region (positions 38, 39, and 40), has a 23% reduction in cgr p (26) . This modification is present in 17 of 40 tRNA chains sequenced (32) , and accordingly, 41% of the codons in lacZ are read by tRNAs having this modification. Thus, the average step time of these tRNAs was increased 1.8-fold by ⌿ deficiency, i.e., much less than by m 1 G. However, whereas the hisT mutation derepresses the leu operon 2.8-fold and renders the cells resistant to leucine analogs (12, 27), we did not observe any increased expression of the leucine operon in the trmD3 mutant compared with the wild type. Furthermore, the trmD3 mutant was not resistant to leucine analogs. Apparently, the increased step time of tRNA 2, 3 Leu lacking ⌿ in the anticodon region is enough to derepress the leu operon severalfold, whereas m 1 G-37 deficiency of the same tRNA 2,3 Leu leads to an unchanged expression, implying an unaffected step time for these leucine tRNAs. However, in these experiments, a very specific codon context, four consecutive leucine codons, was used to monitor the activities of these tRNAs. Still, these results suggest that whereas ⌿ in tRNA 2, 3 Leu affects the rate of decoding CUA and CUC codons, m 1 G does not. Leu . The whole translation elongation cycle is composed of several steps, of which the first is the selection step of the binding of the ternary complex (EF-Tu-GTP-aminoacyl-tRNA) to the ribosomal A site. We have previously also shown that whereas m 1 G deficiency affects the selection of proline and arginine tRNAs (1.9-to 7.1-fold reduction was observed), it does not affect the selection of tRNA 2, 3 Leu (18, 22a) . These results support the suggestion presented above that m 1 G-37 in tRNA 2 Leu and tRNA 3 Leu has no impact on the abilities of these two tRNAs to read cognate codons, which implies that the quantitative impact of m 1 G on the cognate codon interaction is tRNA dependent.
Compared with the wild-type strain, the trmD3 mutant has a changed sensitivity to five different amino acid analogs. In an attempt to dissect the mechanism of how the trmD3 mutation affects the metabolism of these amino acids, we isolated extragenic suppressors (sdn) that reversed the trmD3-mediated sensitivity to one of these analogs, NT. We showed that sdn likely is the structural gene for the tryptophan-specific permease and that its counterpart in E. coli is the mtr gene. This gene has previously not been identified in Salmonella strains. Since we observed no significant increase in the activity of tryptophanspecific transport in the trmD3 mutant, the trmD3-induced NT sensitivity is not caused by a derepressed transport of the analog. Therefore, some internal metabolic step(s) is affected by the trmD3 mutation.
In an attempt to understand the mechanism by which an undermodified tRNA can induce sensitivity to NT, we noticed that even the wild-type cells were sensitive to this analog if adenine or serine was added. Each of these metabolites is 
a All supplements were added at concentrations recommended by Davis et al. (13) except that the concentration of NT was 225 g/ml. The plates were incubated at 37ЊC for 24 h, and the results were scored as ϩ (growth) and Ϫ (no growth). B1, thiamine.
b After 24 h, no growth was observed for both trmD ϩ and trmD3 strains. After 48 h (data shown), growth was observed for the trmD ϩ strain but not for the trmD3 mutant.
known to influence several pathways, including thiamine biosynthesis and C 1 metabolism, respectively. However, thiamine and glycine, which suppressed the effects imposed on trmD ϩ cells by serine and adenine, respectively, did not suppress the trmD3-mediated sensitivity to NT. Thus, serine-or adeninemediated NT sensitivity may be different from that mediated by the trmD3 mutation. Alternatively, whereas adenine or serine affects only one or a few specific steps in some metabolic pathways, the trmD3 mutation may affect several steps in such a way that supplementation of those metabolites is insufficient to suppress the trmD3-mediated defect. A clear demonstration of the mechanism behind these phenomena requires the characterization of suppressor mutations in those pathways in which m 1 G exerts its effect. The characterization of one class of suppressors (sdn) as being defective in the uptake of the analog allows us to construct strains containing two or more copies of the sdn gene, which will facilitate the isolation of suppressors in the genes of interest.
The trmD3 mutant oxidizes several carbon sources more efficiently than the wild-type strain. This finding suggests that some of the enzymes involved in the metabolism of the carbon compounds are derepressed in this mutant. Alteration in carbon oxidation has also been observed in an miaA mutant (33) , which is deficient in ms 2 i 6 A in its tRNAs. All three mutations, trmD3, hisT1504, and miaA, enhance or decrease the metabolism of certain carbon compounds in a complex pattern; some of the mutations affect similarly the oxidation of the same carbon compound (e.g., D-malic acid in the case of trmD3 and hisT1504 [ Fig. 1 ] and sucrose and lactulose in the case of trmD3 and miaA [33] ), whereas in several cases, the different mutations affect the oxidation of a unique carbon compound. Still, these results together with the trmD3-mediated responses to several amino acid analogs show that tRNA modification may influence, by a yet unknown mechanism but most likely by an effect on translation, specifically the level of enzymes in the central and intermediary metabolic pathways and thereby exert a regulatory role in cellular metabolism as has been suggested earlier (8, 17) .
